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We examined the utility of respiratory burst measurements in alveolar macrophages to assess adverse
cellular changes following exposure to urban particles. Cells were obtained by bronchioalveolar lavage
of Fisher 344 rats and exposed (0–100 lg/well) to urban particles (EHC-93, SRM-1648, SRM-1649,
PM2.5), the soluble (EHC-93sol) and insoluble (EHC-93insol) fractions of EHC-93 (EHC-93tot), mineral
particles (TiO2, SiO2) and metal oxides (iron III oxide, iron II/III oxide, copper II oxide, nickel II oxide).
The particle-induced respiratory burst was measured by chemiluminescence for 2 h after the addition
of particles. The cells were then stimulated with phorbol 12-myristate 13-acetate (PMA), yeast Zymosan
fragments (Zymosan), or lipopolysaccharide plus interferon-gamma (LPS/IFN-c) and the stimulant-
induced respiratory burst was measured. Independently of the potential of particles to induce directly
a respiratory burst, exposure to most particles attenuated the subsequent stimulant-induced burst.
The notable exception was SiO2, which produced a strong respiratory burst upon contact with the mac-
rophages and enhanced the subsequent response to PMA or LPS/IFN-c. Based on the degree of inhibition
of the stimulant-dependent respiratory burst, particles were clustered into groups of high (SRM-1649,
iron III oxide), intermediate (EHC-93tot, EHC-93insol, SRM-1648, VERP, iron II/III oxide, copper II oxide),
and low (EHC-93sol, SiO2, TiO2 and nickel II oxide) potency. Across these clusters, the potency of the par-
ticles to inhibit the stimulant-dependent respiratory burst showed poor correlation with cytotoxicity
determined by XTT reduction assay.
Crown Copyright  2013 Published by Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
Epidemiological studies have shown a positive correlation be-
tween exposure to ambient particulate matter and the develop-
ment and exacerbation of adverse respiratory and cardiovascular
outcome (Goldberg et al., 2001; Guaita et al., 2011). A speciﬁc con-
sequence of exposure to high levels of particulate air pollution is
increased susceptibility to infections often leading to the hospital-
ization of affected individuals (Lin et al., 2005; Gilmour, 2012). Aevier Ltd.
ioalveolar lavage; LPS, lipo-
sphate-buffered saline; PM,
3-acetate; PMS, phenazine
ogy Laboratory, Environmen-
ture, Ottawa, ON, Canada K1A
ncent).
Open access under CC BY-Nlarge body of in vitro and in vivo work shows the potential for
heightened susceptibility to infections due to impaired phagocyto-
sis by macrophages and decreased ability of the lungs to clear
invading pathogens (Lundborg et al., 2006; Sigaud et al., 2007).
Alveolar macrophages play a critical role in the phagocytic re-
moval of microbes as well as particulate matter from the airways
and alveoli. Macrophages release reactive oxygen species in re-
sponse to an encounter with particles (Beck-Speier et al., 2005)
and microbes (Gwinn and Vallyathan, 2006) in a process referred
to as respiratory burst. For example, alveolar macrophages, ob-
tained from humans or rodents, acutely exposed to ambient partic-
ulate matter or minerals such as silicon dioxide (SiO2) and titanium
dioxide (TiO2), have been shown to generate increased amounts of
oxidants (Becker et al., 2002; Goldsmith et al., 1997).
High levels of oxidants are also released by macrophages in re-
sponse to biological materials such as lipopolysaccharide (LPS) and
yeast cell fragments (e.g. Zymosan), and other stimulants such asC-ND license.
Table 1
Occupational exposure limits for airborne contaminants.
Material TWAa Ontario and
Québec (mg/m3)
TWAb NIOSH
(mg/m3)
TWA/TLVc
ACGIH (mg/m3)
SiO2 0.05 0.05 0.05
Cu II oxide 0.2 0.1 0.2
Ni II oxide 0.1 0.015 0.2
Fe II/III oxide 5 5 5
Fe III oxide 5 5 5
TiO2 10 15 (OSHA)d 10
a Time-weighted average for Ontario and Québec.
b Time-weighted average for National Institute for Occupational Safety and
Health.
c Time-weighted average/threshold limit value for the American Conference of
Governmental Industrial Hygienists.
d Occupational Safety and Health Administration.
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phorbol ester PMA is a soluble chemical mitogen that acts through
a protein kinase C cell signaling pathway (Babior, 1992) and acti-
vates reduced nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase (Dusi and Rossi, 1993). In contrast, Zymosan is
an insoluble cell wall polysaccharide of Saccharomyces cerevisiae
that activates macrophages via Toll-like receptor 2, and that is rec-
ognized by macrophages and dendritic cells by dectin-1, a pattern
recognition receptor important in antifungal innate immunity
(Brown et al., 2003). Furthermore, Zymosan activates NADPH oxi-
dase through the cell membrane receptors type 3 complement
receptor and mannosyl-fucosyl receptor (Ezekowitz et al., 1985).
The cell wall component of Gram-negative bacteria, LPS primes
macrophages through a receptor-dependent mechanism that in-
volves acute-phase plasma protein, LPS binding protein, CD14 cell
surface receptor, and transmembrane receptor Toll-like receptor 4
(Ulevitch, 1999; Wright et al., 1990). Stimulation of alveolar mac-
rophages with LPS has also been linked to mitogen-activated pro-
tein kinase signaling pathways, including c-Jun N-terminal
kinase, extracellular signal-regulated kinase, and p38 (Carter
et al., 1999; Monick et al., 1999). The kinases affect apoptosis, che-
motaxis, cytoskeletal rearrangement, cytokine gene expression,
degranulation and respiratory burst (Davis, 1993).
Whereas particles can induce respiratory burst in phagocytic
cells, the oxidant response of cells to other stimuli such as mi-
crobes or microbial components is diminished by exposure to par-
ticulate matter. For instance, particle exposures have resulted in a
decreased release of reactive oxygen species in alveolar macro-
phages induced with oxidant-generating stimuli such as phorbol
esters, or opsonized yeast (Becker and Soukup, 1998; Fabiani
et al., 1997). Another study has shown that insoluble components
of urban air particles play a role in the inhibition of oxidant release
and phagocytosis in activated alveolar macrophages (Soukup and
Becker, 2001).
It remains unclear whether particle-related reduction of respi-
ratory burst is attributed to cytotoxic events. Past studies have
shown that exposures of macrophage cells to air pollution particles
(Imrich et al., 1999; Soukup et al., 2000), metals (Benson et al.,
1988; Riley et al., 2005) or minerals (Costantini et al., 2011; Fubini
and Hubbard, 2003) may result in cytotoxicity often leading to
apoptotic or necrotic cell death. In contrast, extracts of airborne
particulates from industrialized Rhine-Ruhr area have been shown
to inhibit phagocytosis in human peripheral blood macrophages
without apparent effect on cell viability (Hadnagy and Seemayer,
1994).
The present study aimed to assess the relationship between
respiratory burst and cell viability in freshly isolated alveolar mac-
rophages exposed to particulate matter covering a broad range of
materials including urban, mineral and metal oxide particles, and
for a series of cell stimulants acting through distinct signaling
pathways, viz. bacterial lipopolysaccharide plus interferon-gamma
(LPS/IFN-c), or phorbol 12-myristate 13-acetate (PMA) or yeast
Zymosan A fragments (Zymosan).2. Materials and methods
2.1. Particles and metals
The urban dust EHC-93 refers to material collected from the
baghouse ﬁlters of the Environmental Health Centre (EHC) building
in Ottawa, ON, Canada and prepared as described previously (Vin-
cent et al., 1997). Standard Reference Materials, SRM-1648 (urban
particulate matter, St. Louis), SRM-1649 (urban dust/organics,
Washington), SRM-1879 (respirable cristobalite, SiO2) and SRM-
154b (titanium dioxide, TiO2) were obtained from the NationalInstitute of Standards and Technology (Gaithersburg, MD, USA)
and used as supplied, except for TiO2, which was subjected to three
washes with methanol, followed by three washes with phosphate
buffered saline (Vincent et al., 1997). Fine particulate matter from
Vermillion, Ohio (VERP), with an aerodynamic size cut-off of
2.5 lm (PM2.5) collected on hi-vol ﬁlters in 1992 was recovered
by sonication and lyophilization (Vincent et al., 1997). The metal
oxides, iron II/III oxide (<5 lm diameter; 98% purity), iron III oxide
(<5 lm; 99+%), copper II oxide (<5 lm; 99+%) and nickel II oxide
(<10 lm; 76–77%), were obtained from Sigma–Aldrich Co., St.
Louis, MO, USA. The particulates including metal oxides were se-
lected given that they cover a wide range of occupational limits
for airborne exposures (ACGIH, 2010; NIOSH, 2007; Ontario Minis-
try of Labour, 2010; OSHA, 2006; Québec Gazette Ofﬁcielle, 2009;
Table 1).
2.2. EHC-93 fractions
For aqueous extraction, one g of EHC-93 was suspended in 5 ml
of deionized sterile water (>16 MOhms resistivity), sonicated on
ice for 20 min, and centrifuged at 500g, 10 min. The extract was
collected and the insoluble material was resuspended in 5 ml of
water. This process was repeated twice and pooled supernatant
was centrifuged at 900g for 3.5 h. The pellet was combined with
the previous insoluble fraction. The aqueous extract was further
ﬁltered through a 0.2 lm nylon ﬁlter. The ﬁltrate was eluted with
5 ml of methanol and the eluate was pooled with the aqueous ex-
tract. The aqueous extract and the water-insoluble pellet were sub-
sequently frozen at 80 C and lyophilized. The native EHC-93
material is hereafter referred to as EHC-93tot, and the soluble
and insoluble fraction, EHC-93sol and EHC-93insol, respectively.
The water-leached EHC-93insol particles and the water-soluble
leachate EHC-93sol had mass recovery of 97%, with 80% being
recovered as solid leached particles and 17% as soluble material
(Vincent et al., 2001).
2.3. Particle suspensions and respiratory burst stimulants
Stock suspensions of particulate materials including metal oxi-
des were prepared at 10 mg/ml in 0.025% Tween-80 and 0.9% NaCl.
The suspensions were sonicated on ice for 20 min and then dis-
persed by 25 strokes of the homogenizer piston in a Dounce
glass-glass micro-homogenizer (Nadeau et al., 1996). Particle sus-
pensions were aliquoted into sterile microcentrifuge tubes with
o-ring sealed screw-caps, capped and heated to 56 C for 30 min.
Stock suspensions were then stored at 80 C until use. Stocks of
Zymosan A (Saccharomyces cerevisiae yeast cell fragments, 10 mg/
ml), Salmonella typhimurium bacterial lipopolysaccharide (LPS,
500 lg/ml) and mouse recombinant interferon gamma (IFN-c,
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(PBS), aliquoted into sterile, o-ring seal microcentrifuge tubes,
and frozen at 80 C. Phorbol-12-myristate-13-acetate (PMA)
was resuspended in absolute ethanol to 2 mM and stored at
80 C. Luminol stocks of 770 mMwere prepared in dimethyl sulf-
oxide and stored at 20 C. All reagents were purchased from Sig-
ma–Aldrich (St. Louis, MO, USA).
2.4. Lung macrophages and cell culture
Pathogen-free, male Fischer 344 rats (150–250 g; Charles River,
St. Constant, Québec, Canada) were housed in individual cages on
woodchip bedding within high-efﬁciency particulate air barrier
tents and were provided food and water ad libitum. The animal
treatment protocol was reviewed and approved by the Animal Care
Committee of Health Canada. Alveolar macrophages were obtained
by bronchioalveolar lavage (BAL) as outlined previously (Nadeau
et al., 1996). Brieﬂy, rats were anaesthetized with sodium pento-
barbital (65 mg/kg ip) and killed by exsanguination of the abdom-
inal aorta. Following cannulation of the trachea and deﬂation of the
lungs by transection of the diaphragm, warm (37 C) PBS was in-
stilled into the lungs (30 ml/kg body weight). After 5 min, the tho-
racic cage was gently massaged and the PBS drawn back out of the
lungs. Successive lavages were carried out until a total volume of
40 ml of lavage ﬂuid was collected in a centrifuge tube kept on
ice. High enrichment of BAL ﬂuid with alveolar macrophages was
conﬁrmed by light microscopy, as previously reported (Nadeau
et al., 1996). Cells were counted (Coulter Multisizer, Burlington,
ON, Canada), centrifuged at 500g for 10 min at 4 C, and resus-
pended at a ﬁnal concentration of 1.2  106 cells/ml in cold
M199 culture medium (pH 7.2) containing 25 mM sodium bicar-
bonate, 25 mM HEPES, 2 mM L-glutamine, 50 IU/ml penicillin,
and 50 lg/ml streptomycin. All cell culture reagents were from Sig-
ma–Aldrich (St. Louis, MO, USA). Cell culture 96-well plates (opa-
que, Microlite 1 luminescence strip microplates, Dynatech
Laboratories, Chantily, VA, USA) were pre-loaded with 50 ll of
M199 containing 10% fetal bovine serum (FBS) and 0.6 mM luminol
(3-aminophthalhydrazide). Macrophages were added at a seeding
density of 60,000 cells per well (180,000/cm2) in 50 ll of serum-Fig. 1. The experimental outline. Brieﬂy, macrophages were allowed to attach for 2 h, fo
particles was measured by chemiluminescence. Respiratory burst stimulants were added
for PMA, and 5 h for Zymosan and LPS/IFN-c. Cell viability was measured using the X
determined in cell culture supernatants of LPS/IFN-c-induced macrophages at the 24 hfree M199 medium. The ﬁnal volume in all wells was 100 lL (5%
FBS, 300 lM luminol). Cells were incubated at 37 C in an atmo-
sphere of 5% CO2/95% air, and 100% relative humidity for 2 h in or-
der to allow cell attachment.
2.5. Particle-induced respiratory burst
The generation of ROS by activated phagocytes can be moni-
tored by luminol-dependent chemiluminescence technique (LCL).
This procedure provides a useful and sensitive assay for real-time
detection of oxidant production by phagocytes (Antonini et al.,
1994). Particle stocks were thawed at room temperature, sonicated
for 10 s and vortexed for 30 s. Particle stocks were diluted in com-
plete M199 containing 5% FBS. Total and insoluble particulate frac-
tions were diluted to 2 mg/ml, whereas EHC-93sol was diluted to
500 lg/ml, in complete M199 cell culture medium. Particle sus-
pensions (50 ll each at 20, 50 and 100 lg) were added to the cell
culture wells containing macrophages. The EHC-93sol was added
at 5, 12.5, 25 lg/well to approach to the 20, 50, 100 lg/well mass
equivalence of EHC-93tot and EHC-93insol. The ﬁnal volume in
all wells was 150 lL (5% FBS, 200 lM luminol). Immediately after
addition of the particles, the plates were placed in a Dynatech
ML-2350 Luminometer (Dynatech Laboratories, Chantily, VA,
USA) at 37 C and the luminescence was read every 5 min for a to-
tal of 2 h (Fig. 1). All experiments were conducted as three to ﬁve
independent replicates, on separate days and each time using
freshly isolated rat macrophages. The cells from two to three rats
were combined into a common and uniform pool of cells to supply
all assays within each experiment. One to three technical replicate
assays were conducted for each experimental condition within
experiments.
2.6. Stimulant-induced respiratory burst
Following exposure to the particles for 2 h and the initial parti-
cle-induced respiratory burst, we have assessed the responses of
the cells to the respiratory burst stimulants PMA, Zymosan and
LPS/IFN-c (Fig. 1). Respiratory burst stimulant stocks were thawed
at room temperature. Working stocks were prepared daily for PMAllowed by a 2 h exposure to particulate matter. The respiratory burst in response to
to the cells and the stimulant-induced respiratory burst was measured for 40 min
TT assay after 2, 3, 7 and 24 h incubation with particles. Nitrite levels were also
time-point.
Fig. 2. Respiratory burst kinetics of rat alveolar macrophages treated with stimulants of cellular respiratory burst, in the absence of particles. Cultured rat alveolar
macrophages from BAL were treated with the stimulants of respiratory burst PMA, Zymosan, or LPS/IFN-c, and their response was monitored by chemiluminescence (area
under curve, AUC; luminescence units, L.U.). The mean integrated baseline luminescence values for the stimulants were as follows: PMA (0.6 L.U.), Zymosan (11.0 L.U.) and
LPS/IFN-c (0.4 L.U.). Data were expressed as the mean values of three independent experiments (n = 3).
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ml) in serum-free M199. Immediately after addition of the respira-
tory burst stimulants (50 lL per cell culture well), the plates were
placed in the luminometer at 37 C. The ﬁnal volume in all wells
was 200 lL (3.75% FBS, 150 lM luminol). For PMA (ﬁnal concentra-
tion, 1 lM), the luminescence was read every 2 s for 40 min. For
Zymosan (ﬁnal concentration, 50 lg/ml) and LPS/IFN-c (ﬁnal con-
centration, LPS 5 lg/ml, IFN-c 1,000 IU/ml), the luminescence was
read every 5 min for 5 h. In an initial experiment, freshly isolated
alveolar macrophages were exposed to PMA, Zymosan or LPS/
IFN-c to assess the kinetics of the respiratory burst response and
to determine the duration for which the respiratory burst response
needed to be monitored during subsequent particle exposure
experiments. Distinct respiratory burst response kinetics were ob-
served upon stimulation, with Zymosan producing the highest
baseline levels of respiratory burst as measured by luminescence,
20-fold higher (12,000 L.U.) than PMA (550 L.U.) or LPS/IFN-c
(610 L.U.) (Fig. 2).2.7. Cell viability
The viability of macrophages was determined in a separate set
of culture plates after 2, 3, 7 and 24 h of exposure. The XTT assay
reagent (2,3-Bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazo-
lium-5-carboxanilide inner salt, Sigma–Aldrich Canada Ltd., Oak-
ville, ON, Canada) was dissolved at 1 mg/ml in serum-free M199
culture medium at 60 C as described previously (Nadeau et al.,
1996). A solution of the electron-coupling reagent phenazine
methosulfate (PMS, Sigma–Aldrich) was also prepared at 100 mM
in culture medium. Immediately before the assay, the reagents
were combined to produce a ﬁnal concentration of 200 lg/ml
XTT and 25 lM PMS. The culture medium was aspirated from the
wells and replaced with 200 ll of XTT/PMS mix, and the plates
were returned to the incubator for 2 h. An aliquot of the superna-
tants (175 ll) absent of particles (to prevent potential interference
with the reading) was transferred to a new 96-well plate (Costar,
Cambridge, MA, USA) and the absorbance was measured at
450 nm (Thermomax multiplate spectrophotometer, Molecular
Devices, Sunnyvale, CA, USA). Decrease of XTT reduction by the
macrophages was attributed to cytotoxicity of the particle prepara-
tions resulting in a loss of cell viability. The viability of cells ex-
posed to particles was expressed relative to control cells without
particles.2.8. Nitric oxide
The concentration of nitrite, a marker of nitric oxide production,
was measured 22 h after the macrophages were stimulated with
LPS/IFN-c (24 h post particle exposure). Culture supernatant ali-
quots (100 ll) were mixed with 100 ll of Griess reagent (Green
et al., 1982) and the absorbance at 562 nm was read against a so-
dium nitrite standard curve (0–50 lM) in a Thermomax multiplate
spectrophotometer (Molecular Devices, Menlo Park, CA, USA).
2.9. Integration of respiratory burst data
Chemiluminescence signal captured during the 2 h incubation
of alveolar macrophages with particulate matter (particle-induced
respiratory burst) and after challenge with stimulants (stimulant-
induced respiratory burst) was integrated (area under curve,
AUC) as:
AUC ¼ ðt2  t1Þ  l1 þ ½ðt2  t1Þ  ðl2  l1Þ=2 ð1Þ
where t1 and t2 represent the start and end, respectively, of the time
interval and l1 and l2 represent the raw luminescence value at t1 and
t2, respectively. The AUC was summated over 2 h for particle effects,
40 min for PMA, and 5 h for Zymosan and LPS/IFN-c, and was used
to express the effect of the particulate matter on the respiratory
burst of the stimulated cells.
2.10. Potency calculations
Cell Viability (XTT reduction) and respiratory burst lumines-
cence data were normalized relative to the relevant control mean
values (0 lg dose of particles without stimulant for the particle-in-
duced respiratory burst, and with stimulant for the stimulant-in-
duced respiratory burst) to obtain fold effect for each particle
dose. Potency (b) is derived from the following equation:
Fold Effect ¼ ðDoseþ 1Þb ð2Þ
where b is the slope of the dose response curve (Vincent et al.,
1997), as determined from the ﬁt of dose–response data derived
for each particle preparation using CurveExpert v1.3 (D. Hyams,
Hixson, TN, USA). For the XTT assay, a negative b viability (bv) po-
tency value describes the lower rate of reduction of the XTT reagent
by the cells and is interpreted as loss of viability, i.e. cytotoxicity.
For the particle-induced respiratory burst, a positive b induction
(bi) potency value describes stimulation of macrophage reactive
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describes decreased rate of luminol oxidation below control cell
baseline rate (0 lg dose of particles). For the respiratory burst in-
duced by the stimulants after the 2 h exposure to particles, a posi-
tive bi potency value describes an enhanced response of the
particle-exposed cells to the stimulant by comparing to the time-
matched, stimulated control cells (0 lg dose of particles).
Conversely, a negative bi value describes the abrogation of the stim-
ulant-induced burst in particle-exposed cells by comparison to the
stimulated control cells without particles (0 lg dose of particles).
The potency of the particles (bi) with respect to the alteration of
the particle-induced respiratory burst, (Table 2), and with respect
to the alteration of the cellular responses to inducers of respiratory
burst (Table 3) was also corrected for cell viability (XTT reduction),
measured after the 2 h exposures to particles and prior to the addi-
tion of the stimulants (unbiased potency estimate, bi-v2 = bi  bv2)
to adjust for early particle effects on viability (Vincent et al.,
1997). The rationale for calculating unbiased potency estimates
by adjusting the potency for respiratory burst with the potencyTable 2
Potencies for viability and respiratory burst in unstimulated macrophages exposed to
particles (ranked on bv2).
Particle bv2a bv24b bic bi-v2d
TiO2 0.015 0.048 0.200 0.184
VERP 0.014 0.003 0.057 0.043
EHC-93sol 0.011 0.032 0.013 0.024
Nickel II oxide 0.005 0.289 0.031 0.036
Iron III oxide 0.016 0.174 0.180 0.164
Iron II/III oxide 0.021 0.173 0.083 0.061
SiO2 0.039 0.287 0.515 0.554
EHC-93tot 0.044 0.126 0.383 0.427
EHC-93insol 0.060 0.130 0.463 0.523
SRM-1649 0.065 0.160 0.168 0.233
SRM-1648 0.073 0.146 0.315 0.388
Copper II oxide 0.209 0.844 0.183 0.026
a Slope of the dose response for XTT reduction after 2 h exposure to particles
(Fig. 4A).
b Slope of the dose response for XTT reduction after 24 h exposure to particles
(Fig. 4B).
c Slope of the dose response for respiratory burst in unstimulated cells after
exposure to particles (Fig. 3).
d Slope of the dose response for respiratory burst corrected for loss of cell via-
bility, to obtain unbiased potency.
Table 3
Potencies for macrophage respiratory burst in response to the stimulants following
exposure to particles (ranked on bv2).
Particle bi-v2a biv2
b bi-v2
c Nitrite
PMA Zymosan LPS/IFN-c
TiO2 0.007 0.077 0.057 0.047 0.012
VERP 0.158 0.213 0.194 0.188 0.043
EHC-93sol 0.024 0.124 0.138 0.079 0.055
Nickel II oxide 0.049 0.117 0.072 0.079 0.037
Iron III oxide 0.398 0.472 0.351 0.407 0.081
Iron II/III oxide 0.222 0.309 0.217 0.249 0.091
SiO2 0.167 0.110 0.120 0.059 0.104
EHC-93tot 0.034 0.482 0.111 0.209 0.170
EHC-93insol 0.042 0.413 0.125 0.193 0.159
SRM-1649 0.210 0.594 0.247 0.350 0.025
SRM-1648 0.094 0.349 0.132 0.192 0.152
Copper II oxide 0.135 0.328 0.196 0.220 0.134
a bi-v2 is the slope of the dose response of the respiratory burst from stimulants,
caused by particles, corrected for cell viability.
b biv2 (consensus potency) is the average of unbiased potencies of particles for
inhibition of the respiratory burst from stimulants.
c bi-v2 is the slope of the dose response for nitrite in the supernatants after 24 h
exposure to particles and LPS/IFN-c, corrected for cell viability.for XTT at 2 h is that the XTT data at 2 h post particle exposure rep-
resents the competency of the cells for signal transduction or gene
induction at the moment when the stimulants (PMA, Zymosan,
LPS/IFN-c) were added to the culture medium, subsequent to the
particle pre-exposure. This adjustment of burst for viability aims
to compensate for cytotoxic effects incurred during the 2 h pre-
incubation with particles and to reveal the magnitude of functional
alterations in the remaining viable cells.
2.11. Correlation and regression analysis
Pearson correlation analysis was conducted to compare: (1) cell
viability (bv2) and particle-induced respiratory burst (induction or
inhibition; bi) at 2 h after particle exposure, and (2) unbiased po-
tency (bi-v2) of the particles to impact the respiratory burst induced
by PMA, Zymosan and LPS/IFN-c stimulants, using Sigmaplot v11.0
(Systat Software Inc., Chicago, IL, USA). Finally, best subsets regres-
sion analysis was conducted using Sigmaplot v11.0 to assess if cell
viability at 2 h, particle-induced respiratory burst, and the respira-
tory burst induced by PMA, LPS/IFN-c, Zymosan are predictors of
general cytotoxicity (cell viability at 24 h).
2.12. Analysis of variance
One set of common control cells (0 lg dose of particles) was
used for all treatments on a 96-well plate. In order to balance the
experimental design for two-way ANOVA, a large population of
numbers (n = 10,000) with normal distribution pattern and identi-
cal sample mean and standard deviation as the pooled control data
was generated. From the re-sampled population, a control group
was then assigned to each experimental treatment group by ran-
dom sampling of the control distribution. The procedure was per-
formed using the Re-sampling Stats v3.20 add-in for Microsoft
Excel (Re-sampling Stats Inc., Arlington, VI, USA) and the random
number generator application in the Data Analysis package of
Microsoft Excel 2002 (Microsoft Canada Co., Mississauga, ON, Can-
ada). Particle-induced and stimulant-induced respiratory burst
data (luminescence, AUC) and the viability data (absorbance) were
expressed as the ratio to the control mean (fold effect). Data were
expressed as mean fold effect ± SE for n = 3–5 independent exper-
iments, with 1–3 technical replicates within each experiment.
The re-sampled control (dose 0 lg/well) values are also displayed
in Figs. 3–5. Where the data were not normally distributed or did
not meet homoscedasticity, rank-transformation was applied prior
to the ANOVA analysis. Data were analyzed by two-way ANOVA
with particle (EHC-93tot, EHC-93insol, EHC-93sol, SRM-1648,
SRM-1649, VERP, SiO2, TiO2, iron II/III oxide, iron III oxide, nickel
II oxide, copper II oxide) and dose (0, 20, 50, 100 lg/well) as factors,
followed by the Holm-Sidak multiple comparisons procedure to
elucidate the patterns of signiﬁcant effects (a = 0.05). The ANOVA
analysis was performed using SigmaPlot 11.3. Results
3.1. Particle-induced respiratory burst
Exposure of macrophages for 2 h to the urban particles (SRM-
1648, SRM-1649, EHC-93tot, EHC-93insol) and the mineral parti-
cles (TiO2, SiO2), prior to addition of the stimulants induced a mild
respiratory burst (100–300 L.U.) over baseline (ca. 25 L.U.), at most
particle doses tested (Fig. 3). EHC-93sol and the PM2.5 material
VERP overall had minimal effects on the luminescence signal of
the unstimulated cells, although a slight, statistically signiﬁcant in-
crease in luminescence over baseline was noted for VERP, as well
as a small statistically signiﬁcant decrease was observed for EHC-
Fig. 3. Respiratory burst of unstimulated alveolar macrophages exposed to particulate matter. Cultured rat alveolar macrophages from BAL were exposed to particles (2 h).
The insets are a magniﬁcation of the cell responses to EHC-93sol and VERP particles (A) and metal oxides (B). Two-way ANOVA, dose x particle, p < 0.001. Asterisks indicate
effects signiﬁcantly different from 0 lg dose cells (resampled controls), comparison of dose within particle (Holm-Sidak), p < 0.05, p < 0.001. Note that, the EHC-93sol was
added at 5, 12.5, 25 lg/well to approach to the 20, 50, 100 lg/well mass equivalence of EHC-93tot and EHC-93insol. Data were expressed as mean fold effect ± SE for n = 3–5
independent experiments, with 1–3 technical replicates within each experiment.
Fig. 4. Viability of unstimulated macrophages exposed to particulate matter. Cell viability was assessed spectrophotometrically (absorbance units, AU 450 nm) by measuring
the rate of reduction of XTT by viable cells exposed to particles for 2, 3, 7 and 24 h. Data for 2 h (A), and 24 h (B) effects are shown. Two-way ANOVA, dose  particle, p < 0.001.
Asterisks indicate effects signiﬁcantly different from 0 lg dose cells (resampled controls), comparison of dosewithin particle (Holm-Sidak), p < 0.05, p < 0.001. Note that, the
EHC-93sol was added at 5, 12.5, 25 lg/well to approach to the 20, 50, 100 lg/well mass equivalence of EHC-93tot and EHC-93insol. Data were expressed as mean fold
effect ± SE for n = 3–5 independent experiments, with 1–3 technical replicates within each experiment.
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Fig. 5. Respiratory burst of rat alveolar macrophages exposed to particulate matter and challenged with stimulants of cellular respiratory burst; PMA (A), Zymosan (B) and
LPS/IFN-c (C). Nitrite levels in LPS/IFN-c-stimulated alveolar macrophage supernatants (D). Cultured rat alveolar macrophages from BAL were exposed to respirable particles
for 2 h and then treated with the various stimulants for the required time periods (see Materials and methods). Cellular respiratory burst was determined by
chemiluminescence (area under curve, AUC; luminescence units, L.U.). Nitrite levels in cell culture supernatants of LPS/IFN-c-stimulated alveolar macrophages were assessed
spectrophotometrically (absorbance units, A.U., 562 nm), 24 h after their exposure to particles. Two-way ANOVA, dose x particle, p < 0.001. Asterisks indicate effects
signiﬁcantly different from 0 lg dose cells (resampled controls), comparison of dosewithin particle (Holm-Sidak), p < 0.05, p < 0.001. Note that, the EHC-93solwas added at
5, 12.5, 25 lg/well to approach to the 20, 50, 100 lg/well mass equivalence of EHC-93tot and EHC-93insol. Data were expressed as mean fold effect ± SE for n = 3–5
independent experiments, with 1–3 technical replicates within each experiment.
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oxide, iron III oxide and copper II oxide materials caused a signiﬁ-
cant decrease of measured luminescence, while nickel II oxide did
not signiﬁcantly alter the luminescence signal (two-way ANOVA,
particle  dose, p < 0.001) (Fig. 3, inset B).
The viability of the cells after this 2 h period of incubation with
particles, as measured by the XTT reduction assay, was above 60%
for the high dose (100 lg/well) and above 80–100% for the lower
doses of the particles (Fig. 4A). Amongst metals, copper II oxide
was exceptionally cytotoxic, with signiﬁcant early cytotoxicity
even at the lowest dose of particles (20 lg/well) tested. Similar
patterns of XTT effects were observed at 2, 3, 7 h post-exposure
(3 and 7 h data not shown). Therefore, the doses used in the assess-
ment of the cellular responses to the respiratory burst stimulants
PMA, Zymosan and LPS/IFN-c following exposure to particles (see
below) represented one high dose that was outright cytotoxic
(<40% viability) for most materials and at two lower doses that
were not immediately cytotoxic (>80% viability) for the majority
of the particles tested. Nevertheless, most particle doses were out-
right cytotoxic after 24 h exposure of the cells (Fig. 4B). The PM2.5
material VERP, and the EHC-93sol fraction, were not cytotoxic by
XTT reduction assay at any dose tested after 2, 3, and 7 h exposure,
and remained marginally cytotoxic after 24 h exposure (i.e. >80%
viability).
Respiratory burst effects (induction or inhibition) of particles as
well as their effects on cytotoxicity were summarized as relative
potencies (b, Table 2). The potency of the particles for respiratory
burst (bi) was not correlated (r = 0.101, p = 0.756, Pearson correla-
tion) to cytotoxic potency at 2 h after particle exposure (bv2). Nev-
ertheless, it is conceivable that for particles with high cytotoxicity
(e.g. SRM-1648, copper II oxide), the measurements of respiratory
bursts would be biased by the low cell viability. Therefore, an unbi-
ased potency estimate (bi-v2 = bi  bv2) was calculated. Most of the
inhibitory effect of copper II oxide on the measured respiratory
burst appeared to be explained by the low cell viability (bi-
v2  0). In contrast, the inhibitory effects of iron III oxide and iron
II/III oxide were not explained by a decrease of cell viability (bi-
v2  0.16 and 0.06, respectively). The viability of the cells at
2, 3, 7 and 24 h was highly correlated across the different particle
preparations (r > 0.9, p < 0.0002, Pearson) (data not shown).
3.2. Stimulant-induced respiratory burst
While the stimulants by themselves caused an induction of
respiratory burst that was several fold higher than that resulting
from the macrophage response to particles (Fig. 2), exposure of
the cells to particles prior to stimulation effectively abrogated
the stimulant-induced respiratory burst (Fig. 5). The inhibition of
the stimulant-induced respiratory burst was seen across all the
stimulants tested for most particle doses. This was particularly evi-
dent in cells induced by Zymosan (Fig. 5B). Exceptions to this gen-
eral inhibition response included PMA stimulation in cells exposed
to EHC-93sol, TiO2, or SiO2 (Fig 5A) and a number of particles
where the lowest dose did not produce reductions in respiratory
burst, such as EHC-93tot, EHC-93insol in PMA-treated cells (Fig
5A) and EHC-93tot and TiO2 in LPS/IFN-c-treated cells (Fig. 5C).
In fact, SiO2 was particularly potent in enhancing PMA- (Fig 5A)
and LPS/IFN-c- (Fig 5C) induced effects at all doses tested (dose
within particle, p < 0.05) while TiO2 and EHC-93sol showed in-
creases at some doses (dosewithin particle, p < 0.05), but the effects
were marginal once adjusted for cell viability (Table 3) (TiO2, bi-
v2 = 0.007 and EHC-93sol, bi-v2 = 0.024). Alveolar macrophages ex-
posed to particles followed by induction with LPS/IFN-c showed
decreased nitrite levels (marker of nitric oxide production) in cell
culture supernatants when assessed 24 h after particle exposure,
compared to control LPS/IFN-c-induced macrophages not exposedto particles. Greatest decreases were observed in cells exposed to,
EHC-93tot, EHC-93insol, SRM-1648, copper II oxide and SiO2,
(Fig. 5D, Table 3). TiO2 exposure did not alter nitrite levels.
As indicated earlier for particle-only exposures, respiratory
burst in PMA-, Zymosan-, or LPS/IFN-c-stimulated macrophages
was also adjusted for viability at 2 h post-exposure to account for
overt cytotoxicity. There was an overall strong correlation between
the potencies (bi-v2) of the tested particles for inhibition of the
respiratory burst induced by the three stimulants (biPMA-v2 vs.
biZymosan-v2, r = 0.61, p = 0.036; biZymosan-v2 vs. biLPS/IFN-v2, r = 0.64,
p = 0.027; biPMA-v2 vs. biLPS/IFN-v2, r = 0.95, p < 0.001, Pearson correla-
tion). Three clusters of materials were deduced from the degree of
inhibition of the stimulant-induced respiratory burst: high potency
(SRM-1649 and iron III oxide), intermediate potency (EHC-93tot,
EHC-93insol, SRM-1648, VERP, copper II oxide, and iron II/III oxide),
and low potency (EHC-93sol, TiO2, SiO2, nickel II oxide) (Fig. 6A).
Best subsets regression applied to all variables tested (bv2 and
bi-v2 for PMA, Zymosan and LPS/IFN-c) indicated that cell viability
after 2 h exposure to particles (XTT reduction, bv2) was the only
strong predictor of viability after 24 h (bv24, R2 = 0.87, p < 0.001,
Variance Inﬂation Factor = 1.0). The extent of inhibitory effects of
the particles on stimulant-induced respiratory burst after 2 h incu-
bation with particles (consensus bi-v2) also correlated with cytotox-
icity measured after 24 h (bv24), but with some nuances, as
described below (Fig. 6B). The consensus potency was derived as
mean potency of inhibition of respiratory burst for a given particle,
across treatments of cells with PMA, Zymosan and LPS/IFN-c.
While SiO2 was highly cytotoxic (bv24 = 0.287) and inhibited the
respiratory burst in response to Zymosan (bi-v2 = 0.110), SiO2 nev-
ertheless increased the respiratory burst response to PMA and LPS/
IFN-c (bi-v2 = 0.115). Copper II oxide (bv24 = 0.844, bi-v2 = 0.220)
and nickel II oxide (bv24 = 0.289, bi-v2 = 0.079) were highly cyto-
toxic and inhibitory on respiratory burst. In contrast, VERP parti-
cles were moderately inhibitory on respiratory burst but without
apparent cytotoxicity (Fig. 6B). Overall, viability at 24 h (bv24) for
SiO2, Cu II oxide, Ni II oxide, Fe III oxide, Fe II/III oxide, and TiO2 cor-
related with the occupational exposure limits (Fig. 6C).4. Discussion
The urban particles EHC-93 (Ottawa), SRM-1648 (St-Louis) and
SRM-1649 (Washington) directly activated the release of reactive
oxygen species by macrophages. It is well established that urban
particles induce respiratory burst in phagocytic cells (Beck-Speier
et al., 2005). Nevertheless, most particles effectively abrogated
the subsequent respiratory burst in response to the stimulants
PMA, Zymosan and LPS/IFN-c. This inhibitory effect was most evi-
dent when the macrophages were challenged with the particulate
material Zymosan, which is normally a high potency inducer of
phagocytosis-associated respiratory burst in macrophages. We
have found that whole particles may be more effective in suppress-
ing the respiratory burst than ﬁne particles or their soluble frac-
tions. The materials EHC-93sol and VERP (PM2.5) failed to
initiate a signiﬁcant direct respiratory burst, but were found to al-
ter the subsequent respiratory burst to stimulants. Therefore,
while soluble and insoluble components of the particles impacted
the respiratory burst response of alveolar macrophages, alteration
of the respiratory burst to the stimulants PMA, Zymosan and LPS/
IFN-c did not require a priori the induction of a respiratory burst
upon exposure to the particles or particle fractions.
Surprisingly, the complex effects of particles and particle frac-
tions on the respiratory burst from direct exposure or the alter-
ation of stimulant-induced respiratory burst in response to
challenges did not correlate with particle-induced cytotoxicity.
That the cytotoxicity ranking determined here with XTT reduction
Fig. 6. (A) Three dimensional correlation plot (data in Table 3) depicting the
clusters of particles with similar potency for with respect to inhibition of the
stimulant-induced respiratory burst of alveolar macrophages (in circles), with a left
to right and top to bottom direction of increasing potency. (B) Plot of unbiased
(adjusted for cell viability at 2 h) consensus potencies for inhibition of the
stimulant-induced respiratory burst against cytotoxic potency (cell viability at
24 h). (C) Correlation of cytotoxicity (cell viability at 24 h, bv24) with occupational
exposure limits for airborne contaminants including metal oxides and mineral
particles (ACGIH, 2010; NIOSH, 2007; Ontario Ministry of Labour, 2010; OSHA,
2006; Québec Gazette Ofﬁcielle, 2009; data in Table 1).
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tween the cytotoxic potency bv24 and occupational exposure limitscurrently in place for a number of the tested materials. A lack of
association between oxidant response and cytotoxicity has previ-
ously been demonstrated in a number of phagocyte cells including
neutrophils, eosinophils, monocytes and alveolar macrophages ex-
posed in vitro to ﬂy ash, diesel, TiO2, SiO2 and fugitive dusts (Becker
et al., 2002).
When the particles were grouped based on their potency to pre-
vent the subsequent stimulant-induced respiratory burst, metal
oxides clustered into different potency groups, e.g. high potency
of iron III oxide vs. intermediate potency of copper II oxide vs.
low potency of nickel II oxide. Similar observations have been
made by others with metal oxides and their adverse biological
activity in vitro, and the effects have been attributed to the ability
of insoluble components to generate intracellular oxidative stress
(Ghio et al., 1999; Labedzka et al., 1989; Schluter et al., 1995).
Examples of differential activity of metal oxides include iron III
oxide-mediated induction of anti-inﬂammatory state in rat alveo-
lar macrophages (Beck-Speier et al., 2009) and inhibition of NADPH
oxidase activity in bovine alveolar macrophages exposed to copper
II oxide (Gulyas et al., 1990) both due to the high intracellular dis-
solution of the metal oxides, and low cytotoxicity of nickel oxide in
canine and rodent alveolar macrophages due to its poor intracellu-
lar dissolution (Benson et al., 1986).
The patterns of effects of particles on the respiratory burst of rat
alveolar macrophages in the current study were similar across the
three stimulants employed. In particular, the patterns of particle
effects on PMA- and LPS/IFN-c-induced respiratory burst were
highly correlated (r = 0.95, p 6 0.01), with the notable exception
of EHC-93sol, which enhanced PMA-induced response (bi-
v2 = 0.024) but inhibited LPS/IFN-c induced response (bi-
v2 = 0.138). An impairment of phagocytosis in human alveolar
macrophages exposed to particles has previously been shown to
be independent of the type of receptors involved, whether scaven-
ger, mannose, Fc or complement receptors. It was proposed that
excess oxidative stress induced by particles may lead to cytoskele-
tal dysfunction in alveolar macrophages, impairing their motility
and effector functions (Lundborg et al., 2006).
The redox-sensitive transcription factor NF-jB has been iden-
tiﬁed as a downstream response factor common to PMA-PKC,
Zymosan-Toll-like receptor 2 and LPS-Toll-like receptor 4 signal
transduction pathways (Chow et al., 1999; Holden et al., 2008;
Sato et al., 2003). Toll-like receptor-mediated NF-jB activation
plays an important role in the regulation of innate, as well as
adaptive immune response and is a pathway evolutionarily con-
served in species ranging from insects to mammals (Zhang and
Ghosh, 2001), while the superoxide anion, a product of cellular
respiratory burst is a trigger for PKC-mediated NF-jB activation,
thus emphasizing its central role in redox-dependent pathogene-
sis (Ogata et al., 2000). Interestingly, NO has been proposed as a
participant in negative feedback loop regulation of particle-in-
duced NF-jB activation in mouse macrophages (Chen et al.,
1995). Our current data demonstrating a general reduction in
NO production in particle-exposed and LPS/IFN-c-stimulated
cells is consistent with the participation of the NF-jB signal
transduction pathway. Thus, NF-jB may represent a point of
convergence in the general mechanism for the modulation by
particles of stimulant-induced respiratory burst. The results are
also in agreement with our previous report of decreased NO pro-
duction and iNOS protein expression in cell lines of murine
monocytes exposed to urban particulate matter and subse-
quently stimulated with LPS/IFN-c (Chauhan et al., 2004). A
study using iNOS knockout mice indicated the involvement of
iNOS in heightening the pulmonary cytokine inﬂammatory re-
sponse to particulate matter (Becher et al., 2007). Reduction of
iNOS activity may prevent cell injury by curbing excessive radi-
cal (e.g. peroxynitrite) formation.
1296 D. Breznan et al. / Toxicology in Vitro 27 (2013) 1287–1297In conclusion, our data demonstrate a signiﬁcant inhibitory im-
pact of particle exposure on the respiratory burst of macrophages,
revealed when the cells are challenged with a subsequent stimu-
lant. We have extended the observations under a number of sce-
narios that factor-in different types of particles, soluble and
insoluble fractions of particles, and different stimuli of respiratory
burst that mimic the challenges to the cells during an infection. We
concur with others that alteration of stimulant-induced respiratory
burst has implications for innate immunity. However, our results
indicate that the functional deﬁciency of the alveolar macrophages
does not directly correlate with cytotoxic potency of the particles
per se. Furthermore, there appear to be clear nuances in the pattern
of the functional effects of different particles. For example, EHC-93
directly induced a respiratory burst and reduced the subsequent
response to stimulants, while SiO2 induced a respiratory burst
but increased the response to a subsequent challenge with PMA.
Our data provide a contrasting pattern of functional alterations
on which future detailed pathway analyses can be anchored. We
anticipate that elucidation of the underlying molecular mecha-
nisms will shed light into the differential effects of particles from
different sources.
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